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Split-gate constrictions can be used to produce controllable scattering in a fractional quantum
Hall state and constitute a very versatile model system for the investigation of non-Fermi physics in
edge states. Controllable inter-edge tunneling can be achieved by tuning the constriction parameters
and its out-of-equilibrium behavior can be explored as well. Here we review our results of tunneling
non-linearities at a split-gate constriction in a wide range of temperatures and inter-edge coupling.
The results are compared to available theoretical predictions of tunneling characteristics between
Luttinger liquids. We show how partial agreement with these theoretical models is obtained in
selected ranges of temperatures and inter-edge coupling, while striking deviations are obtained
especially in the low-coupling, low-temperature regimes.
PACS numbers: 73.43.Jn;71.10.Pm;73.21.Hb
A two-dimensional electron system (2DES) in the frac-
tional quantum Hall (FQH) regime can give rise to many
“exotic” phenomena driven by electron-electron interac-
tions [1]. Under the application of a strong magnetic
field and for peculiar ratios of the charge (n) and flux
quanta (nφ = eB/h) densities the 2DES undergoes tran-
sitions to insulating Hall phases. For “magic” values of
the fractional filling factor ν = nφ/n the ground state
excitations are expected to be fractionally charged and
to obey fractional statistics [2]. In both the integer and
FQH effect, bulk states are characterized by an excita-
tion gap while the only low-energy charged excitations
propagate at the edge of the quantum Hall liquid thus
creating a conducting, chiral one-dimensional (1D) chan-
nel. Wen predicted [3] that the edge of a FQH phase at
ν = 1/q, where q is an odd integer, should be completely
equivalent to a Luttinger liquid (LL) with interaction pa-
rameter g = ν. This peculiar model is known as chiral
LL (χLL) and represents one of the simplest and most
remarkable conceptual examples of a non-Fermi metal.
The FQH edge state is not the only electronic system
that is expected to support a non-fermionic behavior. In
recent years, the experimental realization of a LL has be-
come a target of several research efforts that also explored
different fabrication strategies of condensed matter sys-
tems. In particular cleaved-edge overgrowth (CEO) was
used to produce clean and long quantum wires: tem-
perature power laws as well as resonant transport were
measured and compared with LL predictions [4]. Finally
carbon nanotubes are emerging as a promising model sys-
tem for the verification of LL physics [5, 6].
Edge FQH states are expected to lead to a particu-
larly robust realization of a LL: edge channels at ν = 1/q
with q odd integer, in fact, can only propagate in one
direction and do not suffer from backscattering by ran-
dom impurities. No localization occurs and the residual
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disorder only affects the electrons giving a mere phase
shift. These issues stimulated much experimental effort
that provided striking indications of non-Fermi physics
at work for edge-states in the fractional QH regime
[7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18]. Many dis-
crepancies and inconsistencies with the χLL description
however remain and the validation of the Luttinger liquid
model is still not conclusive. These difficulties triggered a
significant theoretical effort [19, 20, 21, 22, 23, 24, 25, 26]
aimed at improving the understanding of the impact of
electron-electron interactions and edge structure on the
non-Fermi liquid nature of FQH edge states.
In this paper we present our tunneling experiments
between fractional quantum Hall edge states. This ap-
proach constitutes one of the most direct ways to probe
the properties of FQH edges. In order to experimen-
tally open an inter-edge tunneling channel, a split-gate
constriction (or quantum point contact) is fabricated on
top of a FQH liquid to force the edge states to be in
close proximity in a spatially-localized region. We ex-
ploit this to trigger the tunneling between otherwise non-
interacting edge states. Transmission and reflection am-
plitudes of quasiparticles at the impurity are among the
quantities that can be calculated with great accuracy.
Our experiments can thus be used to test the validity
of the approximations used in the theoretical models. In
this paper we provide a detailed comparison with the pre-
dictions of the model proposed by Fendley, Ludwig and
Saleur [27] that provides a unified theoretical framework
of non-equilibrium transport between χLLs applicable to
different regimes of inter-edge coupling.
The paper is organized as follows. In section I we
present the experimental set-up and discuss the basic
scheme for the measurement of tunneling at a split-
gate constriction. The fundamental theoretical regimes
of the weak-backscattering limit (WBL) and strong-
backscattering limit (SBL) are also presented. Section
II is devoted to the experimental results: we review
our non-linear tunneling characteristics at different inter-
edge coupling conditions and we emphasize the main dif-
2FIG. 1: (a) Scanning electron picture of a representative
split-gate structure fabricated by e-beam lithography. Geo-
metrically the metallic fingers depicted in figure are 500 nm
wide and they are separated by a 500 nm wide gap. The role of
the constriction is to induce an inter-edge tunneling. Incom-
ing edge states (continuous line) are scattered into outgoing
edge states (dashed lines) in a controllable way. This system
can be associated to an artificial, controllable scattering cen-
ter (b) in a one-dimensional system. The width of the actual
conducting channel far from the constrictions is much larger
than depicted in figure (≈ 80µm).
ferences between SBL and WBL. The evolution of the
out-of-equilibrium tunneling characteristics as a function
of the temperature is also presented. Experimental data
are discussed in comparison with theoretical predictions.
In section III we compare the experimental data with the
results of a numerical approach described in [27] that al-
lows to calculate non-perturbatively the tunneling curves
for all coupling regimes.
I. INTER-EDGE TUNNELING AT A
CONSTRICTION
A. Measurement scheme
Quantum Hall systems in the presence of a tunable
constriction provide a very useful implementation of a
controllable scattering center in a LL.
In our experiments (see Fig. 1), inter-edge tunneling
is induced by a local constriction imposed on the 2DES:
edge states are forced to flow in a small localized re-
gion and back-scattering can be induced in a controllable
way. Semiconductor structures studied in the experi-
ments here presented were fabricated from high-mobility
AlGaAs/GaAs single heterojuctions or quantum wells.
We analyzed different samples with sheet density in the
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FIG. 2: (a) A split-gate constriction in a FQH state consti-
tutes a model system for the verification of the effects of a
single impurity on a chiral edge state. It has been suggested
that at filling factors ν = 1/q, where q is an odd integer,
edge states are equivalent to a single-branch Luttinger Liquid
[3]. Two opposite limits can be identified in the inter-edge
tunneling evolution. (b) Weak backscattering limit (WBL):
edge states are nearly not-interacting and the tunneling is ex-
pected to be driven by the transfer of fractional quasiparticles
of charge e∗ between two different portions of the edge of the
quantum Hall phase. (c) Strong backscattering limit (SBL):
edge states are nearly completely reflected by the constric-
tion. A completely different tunneling geometry is realized
and tunneling is associated to scattering of electrons between
two disconnected quantum Hall regions.
range 0.7− 1.0× 1011 cm−2 and electron mobility always
exceeding 106 cm2/Vs. We used different 2DES with a
depth going from 100 to 300 nm. In our devices the
constrictions were defined electrostatically by means of
split-gate electrodes. Figure 1 reports a scanning elec-
tron micrograph of a representative device fabricated by
e-beam lithography, evaporation and lift off of composite
layers of Al and Au. In Fig. 1a, the rectangular regions
correspond to the metallic layer. When gated to a nega-
tive voltage bias value Vg these metallic electrodes locally
deplete the 2DES and produce the constriction. Typical
dimensions of our QPCs (300− 500 nm wide fingers sep-
arated by a gap of 500 − 600 nm) allow the formation
of a wide passage where edge states can still flow with-
out experiencing a significant back-scattering. By further
lowering the gate bias Vg it is possible to shrink the con-
striction down to pinch-off. In this scheme, Vg is the
parameter used to tune the inter-edge coupling strength.
At the same time Vg also controls the electron density in
the region shaped by the split-gate potential. This re-
sults into a reduced local density n∗ and a reduced filling
factor ν∗ at the constriction region.
Figure 2(a) reports the measurement scheme. By
means of out-of-equilibrium four-wire differential resis-
tance measurements it is possible to bias the inter-edge
tunneling junction and to measure the tunneling charac-
teristics. The biasing is achieved by injecting a current
3I (a small ac component plus a dc offset) at contact 1.
As a consequence, the potential difference between edge
states arriving to the QPC from the top-left and from
the bottom-right is
VT = ρxyI. (1)
This potential corresponds to the tunneling bias. The
current impinging the QPC is partially transmitted and
reflected and is collected at contacts 2 and 3. We will
refer to the reflected tunnel current as IT while the trans-
mitted signal corresponds to I − IT . The redistribution
of the currents at the edge gives, after thermal equilibra-
tion, different voltage drops. It is easy to demonstrate
that a differential measurement between contacts 5 and
6 yields
δV56 = ρxyδIT . (2)
As a consequence, the differential resistance measured
following the scheme of Fig. 2 directly relates to the dif-
ferential reflection coefficient (dIT /dI) and to the differ-
ential backscattering conductance
dV
dI
=
dV56
dI
= ρxy
dIT
dI
= ρ2xy
dIT
dVT
. (3)
Measurements can also be performed in a simple four-
wire setup, i.e. without grounding contact 2. These re-
sults can still be interpreted following equation (3) as
long as the system is in the WBL, where the effect of
contact 2 is not relevant. For higher tunneling rates the
exact mapping of the measured differential resistance into
tunneling curves is still possible but becomes less direct
[28].
B. Tunneling regimes and non-linearity
Theoretically, the tunneling between edge-states dis-
plays a complex evolution as a function of the inter-
edge coupling strength that can be captured with non-
perturbative approaches [27]. We address this in the last
section. It is also possible, however, to tackle the problem
considering the two limit cases. In the WBL, edge states
are nearly not-interacting. In this case a small interac-
tion leads to quasiparticle (with charge e∗ = e/q) tunnel-
ing and to very peculiar I-V characteristics. The strong
inter-edge correlations causes an enhanced tunneling (i.e.
back-scattering) at zero bias and low-temperature (in the
T = 0 limit the so-called overlap catastrophe [29] is ob-
tained). As consequence a peculiar differential conduc-
tance (dIT /dVT ) peak is expected at zero bias [3]. Peak
amplitude and width are predicted to scale as T 2ν−2 and
T , respectively. When the tunneling current increases
the system enters a complex mixed regime till the SBL
is finally reached. In this latter limit edge states are
strongly coupled and at low-temperature most of the
current impinging on the constriction is back-scattered
to the counter-flowing edge state and reflected back to
the source. In order to analyze this case it is useful to
start from the complete reflection limit and study per-
turbatively the forward tunneling. Following the avail-
able theory [29] this forward-scattering is associated to
the transfer of electrons between two disconnected QH
regions separated by the pinched-off constriction. For
simple fractions such as ν = 1/q where q is an odd in-
teger, the differential conductance for the forward tun-
neling vanishes at zero bias with a peculiar power law
I ∝ V 2q−1. In this regime, tunneling non-linearities
can be described as a direct consequence of the modu-
lation of the density of states for the electrons in the LL
(∝ (E−EF )
q−1). This regime was explored in pioneering
experiments in CEO structures where tunneling between
a metallic region and an edge state was induced [7, 8].
As stated above, a complete non-perturbative treat-
ment spanning throughly the tunneling between the
WBL and SBL was reported in [27]. In section III we
will give more details about the theoretical evolution of
these tunneling curves and their comparison with exper-
imental data.
II. EXPERIMENTAL RESULTS
A. Wide constrictions (ν∗ ≈ ν)
Figure 3(a) reports a set of tunneling conductance
curves at a fixed gate voltage (just above the 2D-1D
threshold) and different temperatures as a function of the
tunneling bias VT . Traces are shifted vertically for clarity.
As the temperature is increased above 300mK a strong
zero bias back-scattering peak is reported. This behav-
ior is in qualitative agreement with the theory developed
in Ref.[3] that applies to the WBL limit and constitutes
an nice evidence in support of inter-edge quasiparticle
tunneling at the constriction. In order to have a quan-
titative analysis we also report, in panel (b), the most
important peak parameters (as obtained from a gaussian
fit), i.e. the peak width and amplitude. We find out that
the peak width [30] is ≈ 40% wider that expected from
[3].
An unexpected behavior emerges when the temper-
ature is lowered to values below approximately 300 −
400mK. The back-scattering peak develops into a min-
imum (see bottom curve in panel (a) of Fig. 3). This
behavior, which seems in agreement with data reported
in other experiments [18], cannot be described in terms of
available theories in either the SBL or WBL which indi-
cate that backscattering should be strongly enhanced at
low temperatures. These discrepancies add to some un-
expected results found in experimental studies of CEO
systems [7] and pose the question about the universality
of the inter-edge tunneling in the FQH regime. These
findings have stimulated additional theoretical analysis
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FIG. 3: Panel (a): evolution of backscattering curves as a
function of temperature. At high temperture a peak is ob-
served. As temperature is lowered at first the peak grows,
but for T < 300mk the curve reverts to an unexpected min-
imum. Panel (b): fundamental parameters (peak amplitude
A, and peak width σ as obtained from a gaussian fit) of curves
reported on the top part of panel (a).
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FIG. 4: Low temperature evolution of the tunneling curves.
For a relatively pinched constriction a backscattering peak
is obtained also at low temperature. The inset displays the
evolution of the conductance curves as a function of the split-
gate bias (i.e. of the inter edge coupling strength).
that suggested possible origins for these discrepancies.
The new research directions are focussing either on the
effect of the inter-edge coulomb interaction [20], on the
residual interaction between the composite fermions [24],
on the internal structure of the real edge state [22], and
on the different tunneling geometries induced by the ac-
tual scattering center [23].
B. Approaching pinch-off (ν∗ < ν)
An interesting evolution can also be observed as the
constriction parameters are changed and one moves far
away from the WBL. Figure 4 reports a tunneling peak
obtained at 50mK for a higher inter-edge interaction ob-
tained by negatively biasing the split-gate that induces
the constriction. The inset reports a representative evo-
lution of the tunneling curves as a function of the split-
gate bias. When the edge states are weakly interacting
(and ν∗ ≈ ν) a reduced tunneling is observed at zero
bias (curve corresponding to Vg = −0.2V in the inset of
Fig. 4), in agreement with data reported in Fig. 3. This
lineshape reverts again to a clear backscattering peak at
higher interaction strengths (i.e. at lower, more negative
values of Vg). This evolution was observed in different
samples. The presence of a reduced filling factor ν∗ in-
side the constriction region could be relevant to the un-
derstanding of this behavior [15]. A more detailed anal-
ysis of this backscattering regime will be discussed in the
next section.
III. COMPARISON WITH THEORY, BEYOND
THE WBL AND SBL
In the previous sections we discussed the SBL and
WBL. They give a nice and rather intuitive description of
the inter-edge tunneling in proximity to the fixed points
G = 0 and G = νe2/h, where G is the two-wire conduc-
tance of the system. In our experiment, however, most
of the results belong to regimes that are typically in be-
tween the WBL and SBL. It is thus important to consider
models that allow to calculate the tunneling curves at ar-
bitrary coupling strengths. In the first part of this section
we therefore introduce the approach proposed by Fendley,
Ludwig and Saleur [27] and following this model we pro-
vide calculations of the tunneling conductance that can
be directly compared to experimental data. This model
proposes an exact solution to the problem of transport
through LL in presence of a single impurity. Its applica-
tion to FQH states is based on the theoretical framework
proposed by Wen [3] and Kane and Fisher [29] that is
able to describe some but not all the observed experi-
mental features. For this reason the understanding of
the degree of applicability of the model by Fendley et
al. to the description of tunneling in the FQH state can
be considered still an open issue. To address this ques-
tion, however, a detailed comparison between experimen-
tal tunneling curves and the corresponding predictions of
the theory is required. In the second part of the section
we discuss this comparison with the experimental data
shown in the previous sections and provide the evolution
of the calculated tunneling behavior that applies to the
description of results close to the SBL.
Fendley et al. exploited the fact that the LL model
with an impurity is integrable to calculate transport prop-
erties of such a system non-perturbatively in the im-
purity strength. In this approach, the authors defined
a quasiparticle basis in which the scattering problem
can be solved in a Landauer-Bu¨ttiker-like spirit. Using
thermodynamic Bethe ansatz techniques (refer to [27]
for a detailed description) the non-linear conductance
G(V, T, TB) can be calculated explicitly for ν < 1 and
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FIG. 5: Theoretical differential conductance (G) curves at
different interaction strength TB/T . In the limit TB/T → 0
the curves tend to Wen’s prediction [3]. For higher values of
TB/T the SBL is achieved and curves collapse on the T = 0
curve GT=0(V/TB).
any bare value of the impurity strength. The conduc-
tance is a universal function of the relative ratios of V
(tunneling voltage), T (temperature) and TB (the only
free parameter of the theory: this temperature models
the impurity strength). G also depends on the value of
g, but we will restrict here to the case of interest for us,
i.e. g = 1/3 (also curves at g = 1/5 will be presented in
Fig. 6). In view of the experimental data, it is important
to consider that G corresponds in the model to the trans-
mission conductance at the constriction QPC: differen-
tial backscattering conductance (the quantity addressed
in all of our measurements) can be simply obtained by
e2/3h−G.
Figure 5 reports the sequence of universal curves G
vs. V/T at various relative tunneling strength TB/T .
The plot reports tunneling curves ranging from the WBL
(corresponding to curves at G ≈ e2/3h, where a perfect
overlap with Wen’s predictions [3] is obtained) to very
high tunneling strengths. In order to really follow the
SBL of the theory, it is convenient to plot the curves as
a function of V/TB. As TB/T diverges all the curves
collapse on a T = 0 limit curve GT=0(V/TB) (Fig. 1 of
[27] reports the curve). In this limit the theory correctly
captures the power laws G ∝ V 4 and G ∝ T 4.
In the next paragraph we shall compare these predic-
tions with the temperature evolution of the tunneling
back-scattering peaks reported in the previous sections.
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FIG. 6: Comparison between theoretical lineshapes and ex-
perimental data. Panel (a) and (b): curves obtained following
[27]. TB is the only real free parameter of the theory. We plot-
ted both the conductance for an edge state at ν = 1/3 and
ν = 1/5 (equivalent to a LL with g = ν [3]). Panel (c): ex-
perimental curves obtained with a bulk filling factor ν = 1/3
in a relatively pinched constriction. The lineshape and its
temperature evolution present a remarkable similarity with
theoretical prediction. Data have been obtained using a cur-
rent modulation of 20 pA, corresponding to about 1.5µV in
terms of tunneling voltage (VT ).
A. Experimental lineshapes
Figure 6(c) reports the temperature evolution for a
tunneling peak obtained for a rather strongly pinched
constriction (in a condition similar to the one of data in
Fig. 4). Panel (a) and (b) report a comparative plots of
theoretical curves obtained following [27]. Experimental
lineshape and its temperature evolution display remark-
able similarities with theoretical predictions. In partic-
ular, the two lateral minima of the data at 50mK rep-
resent a non-trivial out-of-equilibrium feature that has a
nice correspondence with theoretical predictions.
It is very important to note how the actual backscat-
tering background (about 32 kΩ [33]) and the scale of
the peak’s amplitudes are not easy to compare with the-
ory. Panel (a) reports the theoretical differential back-
scattering between two edge states at ν = 1/3: the curves
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FIG. 7: Curves that intuitively belong to the SBL can still
display striking departures to the predicted ∆G ∝ V 4 power
law. Panel (a): log-log plot of ∆G(V ) = G(V ) − G(0) for
a comparison between the tunneling curves at log(TB/T ) =
2.2 (panel (b)) and log(TB/T ) = 6.0 (panel (c)). For
log(TB/T ) = 2.2 (minimum transmission < 1%) the conduc-
tance curve is still, to a very good approximation, simply
parabolic and strikingly deviates from the approximate SBL
prediction. At higher tunneling strengths the SBL power law
V 4 is finally, and correctly, obtained.
should display a zero background back-scattering with
amplitude ranging between 0 and ρxy ≈ 77.5 kΩ. By as-
suming that the filling factor in the constriction region
is reduced, however, the observed back-scattering back-
ground could be explained in terms of ν-matching at the
boundary of the constriction. This leads to a finite value
of the longitudinal resistance at large VT ’s. The value
of 32kΩ observed in the data of Fig. 6(c) corresponds
to a reduced filling factor ν∗ = 1/5. For this reason we
also reported in panel (b) the theoretical lineshape for
ν = 1/5. In addition it should be noted that the peak
value at zero-bias was found to change even in the same
sample and depending on the cool-down procedure. This
suggests that the absolute value of the zero-bias peak is
affected by random impurities that perturb the zero-bias
tunneling strength within the constriction region.
B. On the range of validity of SBL predictions
The very signatures of the SBL in the inter-edge tun-
neling are the predictions G ∝ V 4 and G ∝ T 4 (for
ν = 1/3). This is tipically interpreted as a conse-
quence of a peculiar density of states at the Fermi energy
∝ (E−EF )
2. This very intuitive behavior, however, is a
limit behavior and can only hold in close proximity of the
G = 0 fixed point. The exact point at which this limit
description breaks down is not easy to determine.
It is interesting to stress that, from inspection of curves
reported in Fig. 5, it turns out that the leading power law
for G remains V 2 down to very low forward-tunneling
rates. Curves with peak reflection of 99% are still, to
a very good approximation, simply parabolic [32]. Fig-
ure 7 reports the conductance curves corresponding to
log(TB/T ) = 2.2 and log(TB/T ) = 6.0. The log-log
plot in panel (a) highlights the different power laws for
∆G(V ) = G(V )−G(0). This analysis could be relevant
for the interpretation of experimental data in the SBL
such as the ones reported in [34]. In that article a sig-
nificant deviation from the V 4 dependence was shown.
The SBL behavior only emerges very close to the G = 0
limit. This gives some useful indications about the ef-
fective limits for the observation of the SBL power laws:
even in the simplest case of a single impurity in a perfect
LL (which already does not necessarily provide an exact
description of the constriction problem for an edge state
at ν = 1/3), striking deviations from ∆G ∝ V 4 can be
easily obtained.
IV. CONCLUSIONS
Tunneling at a split-gate constriction in a fractional
quantum Hall state constitute a unique tool to probe the
nature of the correlated electron edge-state. Remarkable
out-of-equilibrium non-linear behavior emerges that sup-
ports the notion of a non-Fermi nature of the edge state
in the FQH regime. An comprehensive theoretical de-
scription of these features, however, is far from giving a
complete understanding of the physics associated to the
backscattering events at a constriction. In this paper, we
reviewed our recent experiments on quasiparticle tunnel-
ing at a constriction and we provided a critical analysis of
these data in terms of the available theories. The picture
that emerges is intriguing and shows many open funda-
mental issues still to be understood.
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